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civil jet propulsion/airframe integration performance analysis. The method is derived from the con-
trol volume theory of a powered-on nacelle. Key problem of the TDB is identiﬁed to be accurate
prediction of velocity coefﬁcient of the powered-on nacelle. Accuracy of CFD solver is validated
by test cases of the ﬁrst AIAA Propulsion Aerodynamics Workshop. Then the TDB method is
applied to thrust and drag decomposing of a realistic aircraft. A linear relation between the com-
putations assumed free stream Mach number and the velocity coefﬁcient result is revealed. The
thrust losses caused by nozzle internal drag and pylon scrubbing are obtained by the isolated nacelle
and mapped on to the in-ﬂight whole conﬁguration analysis. Effects of the powered-on condition
are investigated by comparing through-ﬂow conﬁguration with powered-on conﬁguration. The
variance on aerodynamic coefﬁcients and pressure distribution is numerically studied.
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The powered-on nacelle has a signiﬁcant effect on aerody-
namic characteristics of civil aircraft. The engine jet could
reduce the pressure on the wing’s lower surface1 and induce
interference drag. The shock location of the wing on its uppersurface might be changed by the powered-on nacelle2 and
increase wave drag. The existence of the airframe could also
alter the performance of the engine, introducing additional
thrust loss. In the civil aircraft design practice, the thrust drag
bookkeeping (also called thrust drag accounting, TDB) proce-
dure is necessary to decompose the thrust of the exhaust sys-
tem and the drag of the airframe and to point out the source
of interference.3 Usually, the airframe and engine are designed
and manufactured by different companies in the modern air-
craft industry. When integrated, the interference between
exhaust system and airframe could induce signiﬁcant drag.4
Accurately and rationally predicting and decomposing the per-
formances of the airframe and engine, as well as their interfer-
ence effect, is important to improve the propulsion/airframe
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ities and contributions of the two sides.
Flight test5 and turbofan powered simulator (TPS)6–8 are
reliable methods for evaluating the interference drag and do
TDB for realistic civil aircraft. The ﬂight test can only be used
after the aircraft is produced and the cost is very expensive.
The TPS test for full aircraft conﬁguration is also expensive.
And the TPS test conditions, such as the fan pressure ratio
and the Reynolds number, sometimes may not be completely
consistent with the real ﬁght condition.
The nozzle internal drag is a main source of thrust loss and is
a primary issue of TDB. The quantity of the nozzle internal
drag is about 1.5%–2.0% of the engine thrust.9 It is a big value
as it is equivalent to about 15–20 drag counts of drag coefﬁcient
(1 drag count = 0.0001). Interference among the engine jet,
pylon and the wing also induces about 0.3%–0.9% thrust loss.
The fundamental theory of TDB is the control volume anal-
ysis method of ﬂuid mechanics.10 By integrating the momen-
tum variations of the nacelle fan nozzle and core nozzle, the
internal drag of the nozzles, which can cause the thrust losses,
will be obtained.11 Two dimensionless parameters, discharge
coefﬁcient and velocity coefﬁcient, Cd and Cv, are often used
to indicate the performance of nacelle nozzle.
The accuracy of velocity coefﬁcient is important for the
nacelle thrust loss calculation. Wright’s error estimation12
shows that a 0.1% uncertainty of velocity coefﬁcient could
cause a 5% uncertainty of internal drag for a typical nacelle
with a velocity coefﬁcient around 0.98. If the velocity coefﬁ-
cient of the nacelle is 0.99, 0.1% uncertainty could cause a
10% uncertainty on internal drag.
In industrial applications, the nozzle internal drag is usually
measured by ﬂight simulation chamber on the ground and in
static air.9,13 The measured Cd and Cv results are assumed to
be only varying with nozzle pressure ratio and then used
directly in the ﬂight condition, where the thrust of the exhaust
system is calculated by the ideal thrust of isentropic expansion
subtracting the thrust losses of the nozzles.14
The computational ﬂuid dynamics (CFD) method is an
appropriate method for TDB and propulsion/airframe integra-
tion in the aircraft design process. In the Boeing company, the
propulsion effect had been considered even in their panel
method code in the 1980s.15 In recent years, the TDB based
on CFD method is going through a rapid development in
the aircraft design process, such as computing the thrust loss
of nacelle chevron16,17 and validating the engine efﬁciency.18
The key issue of CFD-based TDB is the prediction of the
nozzle performance coefﬁcients. Earlier results of CFD
showed that14,19 for three-dimensional exhaust nozzle conﬁgu-
rations, velocity coefﬁcient had a typical accuracy in the range
of 0.5% to 1.0%. This accuracy is not quite adequate for mod-
ern aircraft design. The CFD method has received its rapid
development in recent years, as the computational resources
go through an explosive growth. Numerical schemes and tur-
bulence models are also greatly improved. The American
Institute of Aeronautics and Astronautics (AIAA) held the
ﬁrst Propulsion Aerodynamic Workshop (PAW 1) in 2012.20
The basic objective is to evaluate and improve the state-of-
art of nozzle performance prediction.21,22 A series of nozzle
test cases with experimental data was used for CFD veriﬁca-
tion and validation in the PAW 1.
In this paper, a drag prediction process fully based on
Reynolds averaged Navier–Stokes (RANS) computation isintroduced. The process is ﬁrst derived by applying the control
volume theory on a powered-on nacelle. CFD code’s accuracy
is then validated by the nozzle test cases of the PAW 1. Finally
the whole method is applied to the thrust and drag decompo-
sition of a realistic conﬁguration of a civil aircraft.23 Variation
of the nacelle velocity coefﬁcient and the inﬂuence of the
engine jet on the wing characteristics are both investigated.
2. Control volume analysis of a powered-on nacelle
2.1. Flow regime deﬁnition
Fig. 1 shows the control volume usually used for a powered-on
nacelle.11 The planes E0, E9 and E19 represent the far ﬁeld
boundaries. Plane E1 is the nacelle inlet lip surface. Plane
E12 is the fan face station. Planes E7 and E17 are the core noz-
zle entrance (or core turban exit station) and fan nozzle
entrance (or fan exit station), respectively. Planes E8 and
E18 are the nozzle exit planes of the core and the fan nozzle.
Such a station number designation follows the conventional
way in the engine industry.3 The VPre and VPost are the pre-
entry control volume and post-exit control volume.
The whole computation domain can be divided into drag
domain and thrust domain. The inﬂow stream tube from plane
E0 to E1 and the fan jet stream tube from E18 to E19, as well
as the engine’s external surface, are used as the borders sepa-
rating the two domains. If the inﬂow stream tube is not
straight, there will be a pressure force UPre acting on this
pre-entry tube and such a force will contribute to the control
volume VPre. Similarly post-exit stream tubes are coaxially
formed by the core jet and fan jet, which are from E8 to E9
and E18 to E19, respectively. If the jet goes through an expan-
sion or a contraction, the tube is not straight and a pressure
force UPost will exert effects on VPost.
On the external surface of the nacelle, the summation of
pressure force and viscous force is named as UExt. UAft is the
resultant of the pressure and friction forces which exert on
the exposed engine cowl and plug surfaces by the fan and core
jets after E8 and E18 planes.
2.2. Force analysis of control volume
Deﬁne F8 and F18 as the overall gross thrusts of the E8 and
E18 control planes. The ‘‘thrusts’’ are formed by momentum
forces and pressure forces. Similarly, deﬁne F1 as the gross
force on the inlet lip plane. The expressions of the forces are
shown in:
F8 ¼ _m8u8 þ ðP8  PambÞA8
F18 ¼ _m18u18 þ ðP18  PambÞA18
F1 ¼ _m1u1 þ ðP1  PambÞA1
8><
>: ð1Þ
where the subscripts represent the respective stations on the
control volume in Fig. 1, the subscript ‘‘amb’’ represents the
ambient air condition, _m is the mass ﬂow rate, u the ﬂow veloc-
ity, P the pressure and A the area.
On the far ﬁeld planes E0 and E9 + E19, the static pres-
sures are equal to the ambient pressure. By the momentum bal-
ance and mass ﬂow conservation on the control volumes VPre
and VPost, we can get
F8 þ F18 þ UPost þ UAft ¼ _m8u9 þ _m18u19 ð2Þ
Fig. 1 Sketch map of nacelle control volumes and station numbers.
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Here to get the U’s, the pressure force in the integrand should
be P Pamb instead of P.
The net propulsive force generated by the nacelle hence
should be
FNPF ¼ ðF8 þF18 F1Þ  ðUExt þUAftÞ
¼ _m8u9 þ _m18u19 _m1u0ð Þ  ðUPre þUPostþUExt þUAftÞ
¼ FN D
ð4Þ
where FN ¼ _m8u9 þ _m18u19  _m1u0 and D ¼ UPre þ UExtþ
UPost þ UAft, FN is called ‘‘overall net thrust’’, and D is the
nacelle aerodynamic drag.
The above control volume locations are before E1 or after
E8/E18. However in propulsion/airframe integration analysis,
the engine supplier usually provides the engine’s working con-
ditions by giving the total pressure and total temperature at the
E7 and E17 planes. For the inlet, the static pressure boundary
condition is given at the E12 plane. From these planes to
E8/E18 and E1, additional losses will be produced by the noz-
zle and inlet. They will be discussed in the following section.
2.3. Classiﬁcation of drag sources
If the inﬂow stream tube expands when approaching the
nacelle lip, the pressure force UPre acts on this pre-entry tube
will contribute to the control volume as drag. It can also be
understood that the engine inlet cannot capture all the ﬂow
through the equivalent area in the far ﬁeld. Hence such a drag
is also called spillage drag. When their signs are correctly
deﬁned, UPre;UExt can all be called nacelle external drag.
They are accounted onto the aerodynamic drag.
In the nozzles, the friction, separation and shock wave hap-
pened between E7 and E8 planes or between E17 and E18
planes are producing thrust loss. Such a loss is called internal
drag of nacelle, including fan nozzle internal drag (from E17 to
plane E18) and core nozzle internal drag (from E7 to plane
E8). UAft is the resultant of the pressure and friction forces
which exert on the engine cowl and plug surfaces exposed in
the fan and core jets after the nozzle exits (plane E8 and
E18). Although these surfaces face backward, when the jetsare over-expanded, the P Pamb integration on them will show
drags to the whole engine. Since these surfaces can be
understood as the extension of the nozzle internal surfaces,
the contribution of UAft is also counted into the nozzle internal
drag.
On the post-exit stream tube, if the jet goes through a con-
traction or expansion outside the nozzle and the jet is not well
expanded to the ambient pressure, a pressure force UPost might
contribute as drag. UPost reveals the loss during the jets’ expan-
sion process. Apparently, if the jet is perfectly expanded to the
ambient pressure through the nozzle, UPost should be zero.
When the airframe affects the expansion, the interference will
be reﬂected in UPost. It is counted into the thrust loss.
However, things are different for inlet. As mentioned ear-
lier, UPre will be counted as aerodynamic drag conventionally.
Moreover, the drag of inlet (pressure and friction forces on the
internal surfaces from E1 to E12) is treated as aerodynamic
drag. For detailed deﬁnition and analysis, readers are referred
to the Ref.3
From the above analysis, when splitting the thrust and
drag, the only losses that should be attributed to engine are
the losses produced by the nozzle internal surfaces, UAft and
UPost.
2.4. Nozzle performance evaluation
Since the internal drag of the nozzle should be the engine’s
responsibility, it is required to be evaluated before the whole
performance of engine is evaluated.
In the nozzle performance calibration experiment, the
nacelle is mounted in a chamber with static ambient air. The
net propulsive force FNPF is measured by the balance installed
on the nacelle support device. The inlet is replaced with a bell
mouth tube, which is segregated from the engine and the thrust
measurement system. Therefore UPre and inlet drag are not
revealed in the balance measured force. Since the ambient air
outside the nacelle is static, UExt is zero. From Eq. (4), FCali,
the balance measured force under such a calibration condition,
could be simpliﬁed into:
FCali ¼ FNPF ¼ _m8u9 þ _m18u19  _m1u0ð Þ  UAft  UPost
¼ FN  UAft  UPost ð5Þ
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Only the nozzle internal drag, the UAft and the UPost are left.
Since the engine company usually gives the jet ﬂow conditions
on the fan and core exit planes, when doing the TDB, the ideal
FN should also be computed from there. If we use
ð _m8u9 þ _m18u19Þ for FN computation, as in Eq. (5), the nozzle
internal drag is hidden in it. When the bell mouth tube is long
enough and its inlet is large enough, _m1u0 can be neglected
with the diminishing of u0, as in:
FCali ¼ _m8u9 þ _m18u19ð Þ  UAft  UPost ð6Þ
with the aid of ideal velocity, we could deﬁne a non-
dimensional parameter, velocity coefﬁcient. The ideal veloci-
ties, uideal19 and u
ideal
9 are the ideally expanded velocities from
the jet ﬂow conditions deﬁned on the fan and core exit planes
and can be calculated by Eq. (7). The Pt and Tt are the total
pressure and total temperature of the nozzle inlet, and the c
and R are the ratio of speciﬁc heat and the gas constant.
The velocity coefﬁcient of the double stream nozzle Cv is hence
deﬁned in Eq. (8). It represents the ratio of the actual thrust
and the ideal thrust produced by isentropic expansion. The
thrust loss FTL, which is the total thrust loss produced after
the jet leaves the E7 and E17 planes, can be calculated by
Eq. (9). It reveals the nozzle’s efﬁciency on exhausting and
expanding the jet.
uideal ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
c
c 1
 
RTt 1 P1
Pt
 c1
c
" #vuut ð7Þ
Cv ¼ FCali
_m18uideal19 þ _m8uideal9
ð8Þ
FTL ¼ ð1 CvÞ _m18uideal19 þ _m8uideal9
  ð9Þ2.5. Thrust drag splitting
In the standard thrust drag bookkeeping process3, the velocity
coefﬁcient is used as a speciﬁcation of the nozzle’s perfor-
mance. Although it is measured by the ground test in static
air through the above process, it is used for thrust drag decom-
position of the ﬂight condition. There is an implicit assumption
in the standard thrust drag bookkeeping method.11 The thrust
efﬁciency, or the Cv is assumed to be independent of external
ﬂow conditions. Under such an assumption, for a nozzle, the
velocity coefﬁcient only depends on the pressure ratio between
its entrance and exit.
Therefore, for ﬂight conditions, when the far ﬁeld incoming
ﬂow speed is u0, the overall net thrust FN of Eq. (4) could be
rewritten as Eq. (10). If FNPF can be obtained by some way,
the whole aerodynamic drag can be calculated by Eq. (11).
In this way, the net thrust produced by the engine and the drag
produced by the airframe are decomposed, where the loss and
drag that the engine should be responsible for is now revealed
in Eq. (9) as the thrust loss. The other drag, i.e., the D in Eq.
(11), should be accounted on to the airframe. It is just the aero-
dynamic drag.
FN ¼ Cv _m18uideal19 þ _m8uideal9
  _m1u0 ð10Þ
D ¼ FN  FNPF ð11ÞEngineering TDB is rarely fully based on CFD simulation
usually because of its to-be-worried accuracy. From Eq. (8),
such an accuracy relies highly on the prediction accuracy of
the mass ﬂow, as well as FCali. In the nozzle calibration test,
_m18 and _m8 could be measured by mass ﬂow meter.
However, in CFD, the mass ﬂow accuracy is guaranteed by
the conservation of the code. As to FCali, the CFD needs to
integrate all the friction and pressure forces on all the surfaces,
as well as all the momentum ﬂux and pressure on all the inlet
and outlet planes. Such a process has very high requirements
on CFD accuracy.
In this paper, the accuracy of the CFD is ﬁrst validated by
the test case of the AIAA PAW 1 in Section 3 to illustrate that
the accuracy of CFD for Cv prediction is well. Then the CFD-
based drag prediction method is applied on a twin-jet civil air-
craft conﬁguration. The procedure of CFD analysis could be
summarized as three steps.
(1) Calculate Cv of the isolated powered-on nacelle in the
static air by Eq. (8).
(2) Compute the aerodynamic performance of the full air-
craft conﬁguration. The sum of the aerodynamic drag
and the engine thrust, i.e., the F NPF, could be obtained
also by integrations of pressure and friction forces on
all the surfaces, and the overall gross thrust on the
nacelle’s E12 plane and the E17/E7 planes.
(3) Decompose the engine thrust and airframe aerodynamic
drag according to Eqs. (10) and (11).
In the above procedures, the CFD accuracies of both the
isolated nacelle and the full conﬁguration have a great effect
on the result of the thrust and drag.3. Numerical methods and validation
3.1. Numerical methods
The in-house code NSAWET (Navier–Stokes Analysis based
on Window Embedment Technique)24,25 is used for the CFD
analysis. The code is based on the ﬁnite volume method on
structural grid. The Roe’s26 ﬂux difference splitting (FDS)
scheme is used for the convection term discretization. The
implicit lower–upper symmetric Gauss Seidel (LU-SGS) time
scheme is chosen as the time advancing method. The k–x shear
stress transport (SST) model27 is adopted as the Reynolds
stress closure model. Low-speed pre-conditioning is used when
the free stream Mach number is less than 0.2.
3.2. Test cases of conical nozzles
In the AIAA PAW 1 in July 2013, several simpliﬁed intake and
nozzle cases were used to validate the accuracy of the CFD
applied to propulsion aerodynamics simulation. Three conver-
gent conical nozzles with 15, 25, and 40 cone-half-angles are
adopted as the exhaust test cases. The nozzles have an inlet
diameter of 14.71 cm, and an exit diameter of 7.62 cm. The
beginning locations of the converging section are different to
form different cone-half-angles. The exterior diameter of the
nozzles is 18.80 cm, exterior length is 57.40 cm. In this paper,
the results of 15 and 25 nozzles are used for code validation.
Fig. 3 Typical ﬂow ﬁeld (density gradient magnitude) of 25
nozzle.
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vious work.21
As an example, Fig. 2 shows the symmetry section of the
25 nozzle. A series of detailed experiments on the nozzles
was conducted in the 1970s. The ﬂow conditions and results
of the experiments were introduced in Ref.28 The main objec-
tive of such a nozzle case is to accurately predict the velocity
coefﬁcient and discharge coefﬁcient. A series of pressure ratios
from 1.4 to 7.0 is required to be computed. Fig. 3 shows the
density gradient magnitude contour maps of the 25 conver-
gent angle nozzle at pressure ratio 2.5 and 4.0. The density gra-
dient magnitude is deﬁned in Eq. (12). Shock reﬂection29 can
be clearly seen in the nozzle jet.
k$qk ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
@q
@x
 2
þ @q
@y
 2
þ @q
@z
 2s
ð12Þ
Fig. 4 shows the comparisons of the discharge coefﬁcient
and velocity coefﬁcient. The discharge coefﬁcient is deﬁned
as the ratio of the actual mass ﬂow rate _mactual and the ideal
mass ﬂow rate _mideal from the isentropic expansion, as Eq.
(13), the q, v, A are the critical density, velocity and area.
The velocity coefﬁcient of a single stream nozzle is deﬁned
as the ratio of the net thrust (when the external ﬂuid is static)
and the ideal thrust, as in Eq. (14). The ideal thrust Fideal is the
product of actual mass ﬂow rate and ideal velocity. The ideal
velocity can be calculated by Eq. (7). Eq. (14)is essentially
identical to Eq. (8).
Cd ¼ _mactual
_mideal
¼ 2p
R rexit
0
qUrdr
_mideal
_mideal ¼ qvA
8<
: ð13Þ
Cv ¼ Fnet
Fideal

static
¼ Fnet
_mactualuideal

static
¼ ThrustDrag
_mactualuideal

static
ð14Þ
In Fig. 4, the results match well with the experimental data.
Two grids are used to test the grid sensitivity. For axisymmet-
ric computation, the coarse grid has 70 thousand points, and
the ﬁne grid has 299 thousand points. The coefﬁcients from
the two grids are nearly identical. The experimental data have
uncertainty in most cases. The computation results are located
within the error band of the experimental data. It seems that
the CFD computation is satisfactory. A very low-speed
(Mach number is 0.01) is set as the external ﬂow speed. The
effect of the external ﬂow is discussed in Ref.21 As the external
speed is very low and the error of the external ﬂow drag is
negligible.Fig. 2 Symmetry proﬁle of 25 nozzle.Fig. 5 shows the Mach number distributions of different
pressure ratios at different stream wise locations, in the ﬁgure,
‘‘CFD’’ means computation, ‘‘EXP’’ means experiment. The
wall Mach number is calculated from the static pressure using
the isentropic relation. In the ﬁgure, it can be seen that the ﬂow
in the nozzle keeps unchanged with the pressure ratio when the
nozzle is already choked. The computation results match quite
well with the experimental data. The CFD method is well val-
idated by the test case.
4. Drag prediction of a realistic powered-on aircraft
conﬁguration
In this section, the drag prediction method is applied on a
twin-jet civil aircraft conﬁguration. Firstly, isolated nacelles
without and with pylon are numerically investigated to deter-
mine their velocity coefﬁcients. Then, the TDB method is used
to decompose the drag and thrust of a powered-on complete
civil jet conﬁguration. Finally, the effect of the powered-on
condition is analyzed by comparing the conﬁgurations with
through-ﬂow nacelle (TFN) and powered-on nacelle (PN).
4.1. Cv Computation of isolated nacelle
In order to estimate the thrust loss caused by jet scrubbing on
the pylon, an axisymmetric nozzle and an isolated nacelle with-
out and with pylon are numerically computed and compared.
Fig. 6 shows the computation grids of the three conﬁgurations.
The axisymmetric nozzle case, which has test data, is used to
verify the computation’s accuracy. The grid number is about
70 thousand on a meridian plane. The other two test cases
are then computed and compared. The grid numbers of nacelle
Fig. 4 Discharge and velocity coefﬁcients in the case of 25 nozzle.
Fig. 5 Mach number distributions at different locations (15 nozzle case).
Fig. 6 Computational grids of three nacelle conﬁgurations.
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Table 1 Results of isolated nacelles with different free stream
Mach numbers.
Free stream Mach number Ma1 Net thrust ratio ð%Þ
Without pylon With pylon
0 (extrapolated) 98.755 98.310
0.002 98.751
0.005 98.745 98.301
0.010 98.736 98.291
0.020 98.717 98.272
0.030 98.699
0.050 98.664 98.210
0.100 98.581 98.102
Fig. 8 Net thrust ratio of isolated nacelle with different Mach
numbers.
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tively. The ﬁrst layers of all the meshes in the normal direction
are less than 0.005 mm to ensure that the y+ is less than 1.0.
Powered-on condition is introduced into the nacelle compu-
tations via boundary conditions. The fan nozzle entrance and
core nozzle entrance are set as total pressure and total temper-
ature boundaries. The conditions are shown in Eq. (15).
Ambient condition is air at an altitude of 11.5 km. In order
to get rid of the inlet drag’s inﬂuence, the fan face boundary
is set as wall. Such a setting simulates the nacelle in the calibra-
tion chamber, as described in Section 2.4.
P0;FanNozzle
Pamb
¼ 2:277; T0;FanNozzle
Tamb
¼ 1:269
P0;CoreNozzle
Pamb
¼ 1:604; T0;CoreNozzle
Tamb
¼ 2:893
ð15Þ
In the nozzle calibration test, the external ﬂow is static. For
the compressible NSAWET code, a free stream Mach number
has to be assigned to obtain a convergent solution. In the pre-
sent computation, a pre-conditioning method is applied to
making the code able to study the inﬂuence of free stream
Mach number. Several Mach numbers (from 0.002 to 0.100)
are computed to get the trend of the velocity coefﬁcient.
The axisymmetric model is an idealized nozzle model for
the engine design process. Preliminary test data is provided
by the engine manufacturer. The CFD computation process
is the same as in Section 3. Computed velocity coefﬁcient is
99.67%, which is obtained by external Mach number 0.005,
and the test result is 99.79%. Numerical error on the velocity
coefﬁcient is about 0.12%. It demonstrates that the accuracy
of the present computation is satisfactory.
Fig. 7 shows the computed ﬂow ﬁelds of the isolated
nacelles without and with pylon when the free stream Mach
number is 0.005. The fan nozzle jet is supersonic at the exit.
Shock train can be seen in the jet wake. Although there is a
very low external ﬂow speed, the streamlines can indicate the
entrained ﬂow direction. A dead water area exists in the inlet
as the fan face is set as wall boundary. Although the front half
part of the nacelle (including inlet and cowl) has nothing to do
with the nozzle performance and Cv, the accuracy of the drag
computation will be uncertain when integrating along an
unclosed surface. Hence in the present computation, the
nacelle geometry is completely computed to get the nacelle Cv.
It is found that the external free stream Mach number will
not change the actual mass ﬂow. For the nacelle without
pylon, the fan nozzle mass ﬂow rate is 189.34 kg/s and the core
nozzle mass ﬂow rate is 18.65 kg/s. The ideal thrusts Fideal is
71851 N. Similarly, the ideal thrust of the nacelle with pylonFig. 7 Flow ﬁeld of symmetry plane ois 66569 N. The nozzle area reduction caused by the pylon
makes the difference.
Table 1 shows the computation results of the isolated
nacelles with different free stream Mach numbers. Strictly,
Cv should be calculated by Eq. (8) with the free stream
Mach number being zero. The results in Table 1 show that
the computed FNPF decreases with the Mach number increas-
ing, because the drag on the nacelle external cowl, UExt,
becomes signiﬁcant. With a series of CFD results at different
Mach numbers, Fig. 8 shows the computed net thrust ratio
(FNPF=Fideal) is almost linear with the Mach number decreas-
ing. Since the trend of velocity coefﬁcient with external ﬂow
approaching zero speed is clearly linear, we could extrapolate
the Ma= 0 value of Cv with several values of bigger Mach
numbers, where the computations are much easier to converge.
Velocity coefﬁcients Cv are then obtained as 98.755% and
98.310% by extrapolating the lines to Ma= 0 for both
nacelles. The interference between nacelle jet and pylon is anf isolated nacelles (Ma1= 0.005).
1030 Y. Zhang et al.important drag source of powered-on conﬁguration. The dif-
ference between the nacelle’s Cv with and without pylon is
introduced by the jet’s scrubbing of the pylon, as well as the
changing of the expansion. The former is similar to UAft and
the later could be revealed in UPost. Fig. 7(b) shows the ﬂow
ﬁeld on the symmetry plane of the nacelle with pylon. The
direction of the jet is changed by the pylon due to Coanda
Effect.30,31 By comparing the velocity coefﬁcients of nacelle
without and with pylon, we can see that the thrust loss caused
by the pylon is 0.44%.
4.2. Application to full aircraft conﬁguration
The drag prediction method is applied to the thrust and drag
splitting in the design of a twin-jet civil aircraft. Fig. 9 shows
the computation grid of the full conﬁguration. The grid num-
ber is about 30 million for half model. The mean aerodynamic
chord (MAC) is 4.25 m. The dimensionless thickness of the
ﬁrst grid layer in the wall normal direction is 2.0 · 106 nor-
malized by the MAC. In order to study the jet’s effect on the
wing, both the full conﬁgurations with through-ﬂow nacelle
and powered-on nacelle are numerically investigated. The grids
of the two conﬁgurations have the same grid density and dis-
tribution. Grid difference only exists near the nacelle core
region.
The TPS experiment is complicated and expensive in indus-
try and rarely conducted, while the experiment of full aircraft
with TFN is cost acceptable and therefore routine. In the pre-
sent study, the full conﬁguration with TFN was tested in theFig. 9 Computation grid of full and powered-on nacelle
conﬁgurations.German-Dutch Wind Tunnels (DNW-HST). The experimental
result is used to validate the accuracy of the computation.
Fig. 10 shows the comparison of the wind tunnel data and
computational result. The free streamMach number is 0.2, and
the Reynolds number based on the MAC is 2.8 million. The
computational lift and drag coefﬁcient curves match well with
the experimental data. It shows that the accuracy of the CFD
code and the grid is satisfactory. Additional cruise condition
experiment of the full conﬁguration with TFN was tested in
the European Transonic Windtunnel (ETW). Under the cruise
conditions of Ma= 0.785, Re= 2.4 · 107, CL = 0.55, the
drag coefﬁcient CD of the experiment is 0.03090, while the
computation is 0.03151. The computation result matches very
well with the experiment.
Fig. 11 shows the Mach number contour slices of the air-
craft with the PN at cruise. The powered-on boundary condi-
tions for the jet are the same as Eq. (13). The boundary
condition for the fan face is set as static pressure condition,
with the pressure to be adjustable to obtain a mass ﬂow bal-
anced solution. The mass ﬂow balance is an important issue
for TDB. Additional spillage drag and jet-effects drag3 will
be induced if the mass ﬂow is unbalanced. For each computa-
tion, the mass ﬂow rate of the fan face is adjusted to be equal
to the total mass ﬂow of the fan nozzle and core nozzle. For
the whole lift-drag polar curve computation, the jet power con-
dition is ﬁxed. However, the thrust and drag values on the
polar are not balanced when varying the angle of attack.Fig. 10 Comparisons of lift and drag coefﬁcient curves (TFN
conﬁguration, Ma= 0.2, Re= 2.8 · 106).
Fig. 11 Mach number slices of PN conﬁguration at cruise
(Ma= 0.785, Re= 2.4 · 107, CL = 0.55).
Drag prediction method of powered-on civil aircraft based on thrust drag bookkeeping 1031Fig. 12 shows the aerodynamic coefﬁcient curves of the full
aircraft conﬁguration, compared between TFN and PN conﬁg-
urations. In Fig. 12(a), the lift coefﬁcient of the powered-on
condition is a little bit lower than the TFN conﬁguration at
the same angle of attack. The jet’s effect on the wing decreases
the lift coefﬁcient. At cruise, where the CL is equal to 0.55, the
angle of attack for PN is 2.86 while 2.76 for TFN.
Three curves are shown in Fig. 12(b). With the TDB proce-
dures, two drag curves of the PN conﬁguration are plotted.
The net thrust of the engine is calculated by Eq. (10). The aero-
dynamic drag, which should be responsible by the airframe
manufacturer, is computed by Eq. (11), in which, FNPF is
obtained by integrating all the pressure and friction forces
on all the conﬁguration’s wall boundaries and overall gross
thrust on the fan entrance and nozzle exits.
In Fig. 12(b), PN conﬁguration’s aerodynamic drag plus
the thrust loss, computed by Eq. (9), is quite close to and a lit-
tle higher than the TFN conﬁguration’s drag, because the
nacelle’s internal drag is already included in the TFN conﬁgu-
ration. At the cruise CL, the numbers for PN and TFN are
0.03167 and 0.03151, respectively. If the TFN conﬁguration
is accurately designed to reproduce the mass ﬂow and thrust
loss of the powered-on condition, such a difference can be trea-
ted as the interference drag caused by the jet effects. Anyway,Fig. 12 Lift, drag and pitching moment coef
Table 2 Results of PN conﬁguration at cruise (Ma= 0.785, Re=
Angle of
Attack
CL CD (airframe aerodynamic
drag)
CD (plus thrust
loss)
2.86 0.55 0.02978 0.03167such a difference can be used as the correction when the TFN
data is used to predict the aircraft’s powered-on performances.
Compared to the drag, the jet effects on the pitching
moment is much more obvious. The nose-down pitching
moment coefﬁcient Cm of PN is increased a lot as shown in
Fig. 12 (c).
Table 2 shows the results of the PN conﬁgurations at cruise.
The PN’s aerodynamic drag is 0.02978. The thrust losses pro-
duced by the nozzle and pylon scrubbing are computed by the
velocity coefﬁcients pre-computed in Section 4.1 with the Eq.
(9). From the difference between the Cv’s with and without
pylon, the pylon caused drag can be computed as 4.9 counts
at cruise. It could be reduced by redesigning the pylon contrac-
tion section of the jet scrubbing region.
The computation of thrust loss highly depends on the veloc-
ity coefﬁcient. Fig. 13 shows the relation between the thrust
loss and the velocity coefﬁcient. If the uncertainty of the veloc-
ity coefﬁcient is 0.1%, the error of the thrust loss is about 1.1
counts. It supports the Wright’s12 error estimation result, for
which the velocity coefﬁcient of nacelle is about 98.3%. In
the present study, the computational error of velocity coefﬁ-
cient compared with test data is less than 0.15%, as shown
in Section 4.1. Consequently, the uncertainty of thrust loss is
less than 2 drag counts. It is a reasonable value for aircraft
design, as the fourth and ﬁfth Drag Prediction Workshops
show that the drag errors between either CFD and experiment,
or different experiments are about 5 to 10 drag counts.32,33
Fig. 14 shows the surface pressure coefﬁcient Cp distribu-
tion and the streamlines of the nacelle and pylon region. A suc-
tion peak can be seen on the pylon of the PN conﬁguration.
The streamline on the pylon is changed by the jet scrubbing.
Fig. 15 shows the pressure distributions of the TFN conﬁg-
uration and the PN conﬁguration. In this ﬁgure, z is the span-
wise location, b is the span length, and c is the local chord
length at the spanwise location. The engine jet has signiﬁcant
effects on the lower surface of the inboard wing. The negative
pressure of the lower surface is increased from 20.0% to 33.7%ﬁcients of full aircraft with TFN and PN.
2.4 · 107, CL = 0.55).
Total thrust
loss
Thrust loss of
nozzle
Pylon caused thrust loss, or
drag
0.00189 0.00140 0.00049
Fig. 13 Relation of nacelle internal drag and velocity coefﬁcient.
1032 Y. Zhang et al.semi-span. A suction peak appears at the lower surface of the
33.7% semi-span location, which is adjacent to the pylon.
Similar phenomenon can be seen near the pylon of the
wing/nacelle/pylon conﬁguration with a long cowl nacelle.34
The aft loading of the wing is increased by the jet, as shown
in the 33.7% to 46.0% sections. This effect could increaseFig. 14 Surface pressure and streamline of nacelle and p
Fig. 15 Pressure distribution of TFN conﬁguration and PNthe pitching moment. The shock locations are slightly changed
by the jet effect.
5. Conclusions
A drag prediction method for powered-on aircraft based on
thrust drag bookkeeping is introduced in this paper.
(1) A drag prediction method based on TDB is derived from
the control volume theory. The process of TDB is intro-
duced fully based on CFD. The critical problem of TDB
is to accurately predict the velocity coefﬁcient of the
nacelle.
(2) The CFD’s accuracy on predicting the performance
coefﬁcients is well validated by the test cases of the
AIAA PAW 1. The velocity and discharge coefﬁcients
match well with the experimental data.ylon region (Ma= 0.785, Re= 2.4 · 107, CL = 0.55).
conﬁguration (Ma= 0.785, Re= 2.4 · 107, CL = 0.55).
Drag prediction method of powered-on civil aircraft based on thrust drag bookkeeping 1033(3) For the TDB of an aircraft, the velocity coefﬁcient can
be computed by setting the isolated nacelle in stationary
ambient air. For compressible CFD solver, Cv can be
achieved by linear extrapolation from values with ambi-
ent air ﬂowing at small Mach numbers.
(4) The aerodynamic characteristics of a powered-on twin-
jet civil aircraft conﬁguration are numerically investi-
gated. The pylon induced drag is decomposed by the
TDB method. Comparisons of the TFN conﬁguration
and PN conﬁguration show that the jet effect will
decrease the lift and pitching moment of the PN conﬁg-
uration. A negative pressure region on the pylon is also
induced. These effects, as well as the difference between
the TFN drag and the PN’s aerodynamic drag plus
thrust loss, need to be noticed by the aircraft designer.
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